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I.  INTRODUCTION  AND  SUMMARY  (W.  B.  Bridges) 


A.  Summary  and  Resulcs 

The  final  year  of  this  contract  was  spent  studying  a  new  approach  to 
the  realization  of  a  flexible  millimeter  wave  dielectric  wave  guide.  This 

approach,  described  briefly  in  Section  I-B,  Future  Plans,  of  our  Annual 

Technical  Report  SRO-005-2,  August  1982,  involves  the  use  of  low  loss 

dielectric  in  powder  form,  packed  in  flexible  polymer  tubes. 

Measurements  were  undertaken  at  94  GHz  using  various  dielectric 
powders  obtained  from  manufacturers  of  commercial  microwave  dielectrics. 
Since  dielectrics  are  primarily  sold  in  bulk  rather  than  powder  form,  no 
data  were  available  from  the  manufacturers  on  the  dielectric  properties  of 
the  powders.  Thus,  we  were  required  to  measure  them  as  well  as  measure  the 
properties  of  the  resulting  guides  at  94  GKz  in  order  to  compare  with 

theory.  Measurements  were  also  made  at  10  GKz  in  both  teflon  tubes  and 
rigid  glass  tubes  to  compare  experiment  with  theory  for  these  guides.  The 
results  were  very  encouraging:  losses  as  low  as  0.18  dB/cm  (18  dB/meter) 
at  94  Gllz  were  obtained  during  the  final  year  of  the  contract.  Even  lower 
losses  have  been  obtained  subsequently  in  similar  guides.  For  reference, 
recall  that  ordinary  W-band  copper  wave  guide  has  a  loss  of  about  5 
uB/meter.  Section  II  of  this  report  summarizes  our  measurements  on 
flexible  waveguides. 

One  difficulty  that  was  encountered  during  the  flexible  waveguide 
measurements  was  that  of  accurately  accounting  for  the  effect  of  the  teflon 
tubing  on  the  guide  wavelength.  In  order  to  make  reasonable  comparisons 
between  theory  and  experiment  it  proved  necessary  to  review  the  theory  of 
the  three-region  circular  waveguide,  where  the  cladding  is  only  a  fraction  to 


a  few  wavelengths  thick.  (This  contrasts  with  the  usual  optical  fiber,  in 
which  the  cladding  glass  is  hundreds  of  wavelength  thick,  essentially 
infinite.)  Calculations  of  the  guide  wavelength  were  made  for  the  tubing 
dimensions  used  and  the  results  checked  against  experiment.  Good  agreement 
was  obtained  at  10  GHz,  so  we  are  confident  of  our  theoretical 
understanding  of  this  waveguide.  The  theory  of  the  round  guide  with  finite 
cladding  is  summarized  in  Section  III  of  this  report. 

Additional  experimental  difficulties  encountered  during  the 
measurements  on  flexible  guides  had  the  salutary  effect  of  suggesting  a  new 
and  interesting  application  of  our  powdered  core  waveguide.  The 
difficulties  occurred  in  attempting  to  measure  the  guide  wavelength  along 
the  curved  and  rather  floppy  dielectric-filled  teflon  spaghetti  guides.  In 
addition,  the  commercially  available  spaghetti  had  sufficient  variations  in 
wall  thickness  and  ellipticity  that  we  did  not  completely  trust  the 
precision  of  the  measurements.  Still  another  difficulty  was  encountered  in 
obtaining  a  uniform  packing  of  the  powder  in  the  small  tubing.  To 
alleviate  all  these  problems  and  obtain  precise  comparison  between 
experiment  and  theory,  we  used  powder-filled  rectangular  grooves  milled  in 
rigid  blocks  of  dielectric.  Teflon  and  polypropylene  were  used  for  these 
measurements.  The  open  surface  of  the  groove  facilitated  uniform  packing 
density,  and  the  milled  groove  provided  the  dimensional  precision  and 
rigidity.  Excellent  agreement  of  theory  and  experiment  were  obtained. 
This  may  seem  a  bit  surprising  since  the  theory  available  is  the 
approximate  theory  of  Karcatili,  not  strictly  applicable  when  such  large 
differences  in  dielectric  constant  are  employed.  However,  as  a  result  of 
our  previous  work  (cf.  Ref  1-1]  we  were  confident  that  Marcatili's  theory 
gives  accurate  results  even  with  our  large  dielectric  discontinuities. 


These  measurements  and  the  comparison  with  theory  are  described  in  Section 
IV  of  this  report.  Waveguide  losses  as  low  as  0.1  dB/cm  (10  dB/cm)  were 
obtained  in  such  guides  of  about  1  mm  x  1  mm  cross  section. 

The  salutary  by-product  of  this  work  is  that  the  powder-filled  groove 
guide  appears  to  be  interesting  in  its  own  right.  We  can  envision 
realizing  at  3  mm  (or  shorter  wavelengths)  all  of  the  "integrated  optics" 
ideas  proposed  by  Miller  (Ref  1-2) :  directional 

couplers,  resonators,  filters,  etc.  In  fact,  shortly  following  the  end  of 
this  contract,  we  built  a  3  dB  directional  coupler  of  the  type  described  by 
Miller  and  analyzed  by  Marcatili  [Ref  1-3).  Subsequently,  we  have 
successfully  built  ring  resonators  very  similar  to  those  analyzed  by 
Marcatili  [Ref  1-4]  using  powder  filled  grooves;  they  appear  to  have  Q's 
similar  in  magnitude  to  the  Q  of  the  94  GHz  wavemeter  (1000).  We  intend  to 
seek  funding  to  pursue  this  technique  and  apply  it  to  more  complex  filter 
functions  in  the  future. 

B.  Publications  ana  Presentations 

The  following  papers  and  presentations  report  work  accomplished  under 
this  contract: 

Publications  * 
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Dielectric  Constant  and  Loss  Tangent  of  Thallium  Mixed  Halide  Crystals 
KRS-5  and  KRS-6  at  95  GHz,"  IEEE  Trans,  on  Microwave  Theory  and 
Techniques,  Vol.  MTT-30,  pp.  286-289,  Harcn  1982. 

2.  E.  Schweig,  "Dielectric  Waveguides  for  Millimeter  Waves,"  Ph.  D. 
Thesis,  California  Institute  of  Technology,  June  1982 

3.  M.  B.  Klein,  "Dielectric  Waveguide  Modulators  at  95  GHz  Using 
LiNb03,"  Int.  Journal  of  Infrared  and  Millimeter  Waves,  Vol.  3,  pp. 
587-595,  September  1982. 


4.  M.  B.  Klein,  "Dielectric  Waveguide  Electrooptic  Device*, "  in 
Infrared  and  Millimeter  Waves,  Vol.  9  K.  J.  Button,  Editor, 
Academic  Press,  1983,  Chapter  3,  pp.  133-175. 

5.  E.  Schveig  and  W.  B.  Bridges,  "Computer  Analysis  of  Dielectric 
Waveguides:  A  Finite-Difference  Method,"  IEEE  Trans,  on  Microwave 
Theory  and  Techniques,  Vol.  KTT-32,  pp.  531-541,  May  1984. 

Conference  Papers 
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KRS-5  and  KRS-6  at  95  GHz,"  Paper  Th-3-1 ,  Sixth  International 
Conference  on  Infrared  and  Millimeter  Waves,  Miami,  Florida,  December 
1981. 

2.  E.  Schweig  and  W.  B.  Bridges,  Computer  Analysis  of  Rectangular 
Dielectric  Waveguide  for  Millimeter  Waves,"  Paper  W-4-4,  Sixth 
International  Conference  on  Infrared  and  Millimeter  Waves,  Miami, 
Florida,  December  1981. 

3.  M.  B.  Klein,  "Electro-Optic  Devices  in  Dielectric  Waveguide , " 
Invited  Paper  W-l-4,  Sixth  International  Conference  on  Infrared  and 
Millimeter  Waves,  Miami,  Florida,  December  1981. 

4.  V/.  M.  Bruno  and  W.  B.  Bridges,  "Powder  Core  Dielectric  Waveguides," 
Paper  22-1,  IEEE  IITT-S  International  Microwave  Symposium,  San 
Francisco,  California,  May  30-June  1,  1984 
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II  POWDER-FILLED  FLEXIBLE  CYLINDRICAL  WAVEGUIDES  (W.M.  BRUNO) 

At  SUMMARY 

Flexible  dielectric  waveguides  have  been  demonstrated  at  10  Ghz  and  94 
Ghz  by  filling  hollow,  low-dielectric-constant  polymer  tubes  with  low- loss, 
high-dielectric-constant  powders.  Flexible  guides  with  losses  as  low  as 
0.18  dB/ca  were  demonstrated  at  94  Ghz.  These  guides  also  exhibited 
negligible  bending  loss  for  radii  of  curvature  greater  than  4  cm.  Figure 
II-l  is  a  photograph  of  some  samples  of  W-band  flexible  guide  made  by  this 
technique. 

JL.  10  GKZ  MODELING  EXPERIMENTS 

Initial  efforts  to  make  dielectric  waveguides  by  filling  flexible 
hollow  tubes  with  dielectric  powders  were  conducted  at  10  Ghz  to  avoid 
complications  due  to  the  small  guide  dimensions  at  94  Ghz.  In  addition,  the 
dielectric  properties  of  the  powders  were  known  at  10  Ghz,  so  the  guides 
could  actually  be  "designed"  and  compared  with  theory. 

The  pouders  used  were  Emerson  and  Cuming  ecco-flo  powder,  Trans-Tech 
D-30  nickel-aluminum  titanate,  and  Trans-Tech  D-38  barium  tetratitanate. 

The  particles  of  the  D-30  and  D-38  powders  ranged  in  size  from  43  pm 
to  100  pm.  Trans-Tech  gives  e'  ■  3*1  and  tan<5  <  .0002  for  solid 
D-30  at  10  Ghz,  and  e'  *  37  and  tan6  <  .0005  for  solid  D-38  at  6  Ghz. 
Ecco-flo  powder  is  specified  by  Emerson  and  Cuming  to  have  tanfi  ■  .0007 

at  10  Ghz. 

In  order  to  design  a  dielectric  waveguide  with  a  powder  core,  it  is 
necessary  to  know  how  the  dielectric  constant  of  the  powder  varies  with  the 
packing  density.  This  relationship  was  determined  for  each  powder  at  10  Ghz 
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by  using  Che  shorted  waveguide  technique  [Ref.  II— 1 1  to  measure  dielectric 
constant.  A  plot  of  dielectric  constant  versus  density  for  nickel-aluminum 
titanate  is  given  in  Fig.  II-2. 

The  tubing  materials  used  were  TFE  teflon,  polyethylene,  and  Corning 
7740  glass  (pyrexw  ).  The  dielectric  properties  of  these  materials  at  10  Ghz 
as  given  by  Von  Hippel  (Ref.  II— 2 ]  are  shown  in  Table  II-l .  Although  the 
pyrex  tubes  were  inflexible,  they  were  useful  for  making  guide  wavelength 
and  attenuation  measurements. 

Each  waveguide  was  made  by  filling  a  tube  with  powder  and  plugging  the 
ends  with  polyfoam.  The  inner  diameter  of  the  tube  was  picked  so  that  the 
HEj^  mode  would  propagate  with  a  wavelength  significantly  smaller  than  the 
free  space  wavelength.  Coupling  was  achieved  by  inserting  one  end  of  the 
tube  into  a  metal  TE^-  rectangular  to  TE^-  circular  waveguide  transition. 
(The  metal  waveguide  transition  was  used  since  the  transverse  fields  of  the 
TEjj  circular  mode  of  metal  waveguide  [Ref.  II-3]  are  known  to  be  similar  to 
those  of  the  HE^  node  of  a  cylindrical  dielectric  rod.)  The  waveguide  was 
supported  inside  the  coupler  by  a  polyfoam  insert.  With  the  waveguide 
inserted  to  the  proper  depth  (determined  by  trial  and  error),  the  coupling 
was  good,  and  there  was  no  detectable  radiation  field  away  from  the  coupler 
and  waveguide.  A  metal  perturber  placed  a  few  mo  away  from  the  fiber, 
outside  the  volume  of  the  (HE^)  guided  mode  caused  no  change  in  reflected 
power.  Finally,  lossy  foam  was  wrapped  around  the  tube  at  the  far  end  to 
prevent  reflections. 

Guide  wavelength  measurements  were  made  by  sliding  a  metal  washer  along 
the  length  of  the  guide  and  observing  the  periodic  variation  in  reflected 
power.  Table  II-2  shows  that  the  measured  guide  wavelengths  were  in 
excellent  agreement  with  those  predicted  by  the  theory  of  lossless  3-region 
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TABLE  II- 1 


Dielectric  Properties  of  Tubing  Materials  at  10  GHz 


MATERIAL 


TFE  teflon 


polyethylene 

Corning  7740 
<S>  . 

pyrex  glass 


Data  from  A.  R.  Von  Hippel,  DIELECTRIC  MATERIALS  AND  APPLICATIONS, 
John  Wiley  and  Sons,  Inc.,  pp.  301-370,  New  York,  1958. 
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TABLE  I 1-2 


Comparison  of  measured  guide  wavelength  to  that 
predicted  for  the  three-region  HE^  mode 


core  cladding  fraq.  cor*  c  cladding  e  measured  predicted 

radiua  radius  (Chi)  aaterial  rcore  eaterlal  rdad  guide  HE, .  guide 

(CB)  (C,)  wavelength  u,v<i.ngch 

(cn) 


0.33 

0.45 

10.000 

1 

7.62 

A 

4.52 

2.05 

2.06 

0.25 

0.35 

10.000 

2 

13.45 

A 

4.52 

2.30 

2.19 

0.26 

0.30 

10.000 

2 

11.40 

B 

2.08 

2.88 

2.86 

0.26 

0.30 

11.311 

2 

11.40 

B 

2.08 

2.14 

2.09 

0.30 

0.40 

10.940 

2 

13.02 

C 

2.25 

1.38 

1.32 

0.32 

0.47 

9.794 

2 

12.39 

C 

2.25 

1.71 

1.65 

Material  1  is  nickel-aluminum  tltanata  (Trans-Tech  D-30) . 
Material  2  is  Eaerson  and  Cuming  Ecco-f lo  powder. 

Material  A  la  Corning  7740  pyrez  glass . 

Material  B  is  TFE  teflon. 

Material  C  is  polyethylene. 


cylindrical  dielectric  waveguide,  as  presented  in  Sec.  Ill  of  this  report. 

The  values  of  e  listed  in  Table  II-2  were  determined  by  using  the 

rcore 

e  vs.  density  data  and  determining  the  density  of  the  powder  in  the 
tube  by  precision  weight  measurement . 

We  expected  that  the  field  distribution  of  the  HE^-like  mode  of  a 
three-region  guide  would  resemble  that  of  the  HE^  mode  of  a  simple 
dielectric  rod.  To  test  this  hypothesis,  the  fields  of  the  HE^  mode  of  a 
rod  were  perturbed  with  a  small  wire  as  shown  in  Fig.  II-3.  Placing  the 
wire  in  position  A  caused  virtually  no  reflection,  and  probing  in  position  C 
had  only  a  slightly  greater  effect.  Placing  the  wire  at  B  caused  a  large 
reflection  exceeded  only  by  that  created  with  the  wire  in  position  D.  These 
observations  are  consistent  with  the  degree  to  which  a  wire  probe  would 
short  the  electric  field  of  the  HE^  mode  of  a  dielectric  rod.  When  the 
fields  of  the  lowest  order  mode  of  a  powder-filled  tube  were  tested  with  a 
wire,  the  results  were  the  same.  Thus  we  conclude  that  the  transverse  field 
distribution  of  the  lowest  order  mode  of  a  3-region  cylindrical  dielectric 
waveguide  is  similar  to  that  of  the  RE^  mode  of  a  dielectric  rod. 

Rough  estimates  of  transmission  and  bending  loss  were  obtained  for  the 
powder-filled  tubes  by  observing  the  exponential  decay  in  reflected  power  as 
a  metal  washer  was  moved  along  the  length  of  the  guide.  These  measurements 
indicated  that  the  transmission  and  bending  losses  were  low.  Since  we  were 
primarily  interested  in  millimeter-wave  guides,  we  did  not  pursue  this 
investigation  far  enough  to  determine  precisely  the  magnitude  of  these 
losses.  Instead  we  began  a  program  to  build  and  test  flexible  94  Chz 
powder-filled  tube  waveguides. 


Figure 


WIRE 


II-3:  Cr ei**He tion  of  Che  dielectric  red  showing  four  positions  of 
s  Betel  wire  perturber.  The  electric  field  lines  sre  sketched 
in  for  the  HE^  Bode  in  s  particular  plane;  beyond  the  plane 
show  the  electric  field  lines  run  psrallel  to  the  rod  along 
the  outside,  then  turn  beck  Into  the  fiber  one  half  guide 
wavelength  away,  reproducing  the  pattern  shown,  but  in  the 
opposite  sense 


C.  94  GHZ  EXPERIMENTS 

94  Ghz  flexible  dielectric  waveguides  were  made  by  filling  lightweight 
teflon  tubes  (18,19,20,21  AWG  electrical  spaghetti)  with  dielectric  powders. 
Coupling  to  metal  waveguide  was  achieved  by  inserting  the  end  of  the  tube 
into  a  slightly  flared  section  of  W-band  waveguide. 

As  before,  guide  wavelength  measurements  were  made  by  sliding  a  metal 
perturber  along  the  length  of  the  waveguide  and  observing  the  periodic 
variation  in  reflected  power.  Unlike  the  measurements  done  at  X-band,  the 
wavelengths  measured  at  94  Ghz  did  not  agree  well  with  theoretical 
predictions.  We  believe  that  one  of  the  factors  contributing  to  the 
discrepancy  between  measurement  and  theory  was  the  random  variation  with 
length  of  the  cross-sectional  dimensions  and  circularity  of  the  tubing. 
Another  source  of  error  was  that  the  small  size  of  the  tubes  made  it 
difficult  to  fill  them  uniformly  with  powder.  Packing  irregularities  caused 
the  observed  guide  wavelength  to  vary  with  position  along  the  waveguide. 
Finally,  the  powder-filled  tubes  were  so  flexible  they  would  bend  during  the 
measurement,  making  the  wavelength  measurement  difficult  to  perform  accurately 

The  ecco-flo  powder  proved  to  be  so  lossy  at  94  Ghz  that  only  surface 
waves  would  propagate  along  teflon  tubes  filled  with  this  powder.  These 
waves  were  the  same  kind  of  v  *  c  waves  that  were  previously  observed  on 
KRS-5  guides.  However,  guides  made  with  the  D-30  and  D-38  powders 
propagated  waves  which  were  significantly  slowed.  Two  powders  not  received 
in  time  to  be  studied  at  X-band  were  also  tried  as  core  materials  at  94  Ghz. 
These  substances  were  Trans-Tech  KCT-40  magnesium-calcium  titanate  and 
D-8512,  an  improved  barium  tetratitanate . 

We  have  determined  that  D-8512  has  lower  mm-wave  loss  than  D-38,  and 
Trans-Tech  claims  that  D-8512  also  has  a  smaller  thermal  coefficient  of 
dielectric  constant.  Guides  made  with  these  powders  also  had  guide 
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wavelength*  significantly  shorter  than  the  free  space  wavelength,  as 
expected  for  guided  aodes. 

Attenuation  measurements  were  made  by  measuring  the  power  received  with 
a  diode  detector  at  the  far  end  of  the  waveguide.  Power  was  coupled  off  the 
dielectric  waveguide  by  inserting  it  into  an  identical  flared  section  of 
metal  waveguide  connected  to  the  detector.  Another  detector  connected  to  a 
snail  horn  was  used  as  a  movable  probe  to  determine  that  there  was  an 
insignificant  amount  of  radiation  from  the  couplers  and  waveguide.  Also, 
the  power  reflected  back  into  the  metal  waveguide  from  the  feed  coupler  was 
approximately  -20  dB  down  from  the  incident  power.  Finally,  guides  which 
differed  in  length  but  were  otherwise  identical  had  losses  which  scaled  with 
length.  Thus,  we  concluded  that  there  was  very  little  power  lost  in 
coupling  by  reflection  or  radiation,  so  that  the  difference  between  the 
incident  power  and  the  power  detected  at  the  far  end  represented  the  true 
dielectric  waveguide  loss.  The  loss  per  unit  length  is  then  this  loss 
divided  by  the  length  of  the  dielectric  waveguide.  Table  II-3  gives  the 
results  of  attenuation  measurements  on  a  few  straight  powder-filled  teflon 
tubes.  In  general,  guides  with  D-30  or  D-38  powder  cores  exhibited  losses 
of  approximately  0.4  dB/cra.  Losses  for  guides  made  with  MCT-40  were  near 
0.3  d3/cm  and  losses  for  guides  using  D-8512  powder  were  arounc  0.2  dB/cm. 

Bending  loss  measurements  were  made  using  the  same  set-up  as  for 
attenuation  measurements  on  straight  guides.  Bending  the  dielectric 
waveguides  into  arcs  with  radii  of  curvature  as  small  as  4  cm  caused  no 
measurable  additional  loss.  One  problem  encountered  during  these 
measurements  was  that  the  ends  of  the  teflon  tubes  tended  to  change  position 
inside  the  flared  metal  waveguide  couplers  when  the  tubes  were  bent.  This 
movement  would  change  the  quality  of  the  coupling  between  the  dielectric 
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0.36 

2 
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0.53 
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94.10 

4.79 

2.06 

0.13 
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Powder  1  is  nickel-aluminum  titanate  (Trans-Teen  D-30). 
Powder  2  is  magnesium-calcium  titanate  (Trans-Tech  ’.!CT-40). 
Powder  3  is  barium  tetra-titanate  (Trans-Tech  D-8512). 


waveguide  and  the  metal  waveguidea. 

These  difficulties  in  measuring  bending  loss  and  the  desire  to  obtain 
good  agreement  between  theory  and  experiment  at  94  Ghz  so  that  we  could  be 
confident  of  our  values  of  guide  wavelength  and  attenuation  prompted  us  to 
abandon  the  flexible  guide  measurements  and  explore  a  rigid  guide.  We 
adopted  a  powder-filled  open  channel  in  a  solid  block  of  polymer.  This 
configuration  satisfied  both  the  requirement  of  rigidity  so  that  we  could 
make  precise  length  measurements  and  the  requirement  of  uniformity,  since 
the  powder  was  loaded  from  the  side  rather  than  the  end  of  the  guide.  The 
initial  phase  of  this  work  is  described  in  Sec.  IV.  Unfortunately,  the 
contract  expired  before  we  could  complete  these  measurements  and  return  to 
the  flexible  guide  studies. 
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Ill  THEORY  OF  ROUND  DIELECTRIC  WAVEGUIDES  WITH  FINITE  CLADDING 


(W.M.  Bruno) 

A.  Introduction 

In  order  to  design  a  waveguide,  one  must  know  how  changes  in  the 
waveguide  parameters  will  affect  the  number  of  propagating  modes  and 
the  corresponding  guide  wavelengths.  This  information  is  contained  in 
the  characteristic  equation. 

The  characteristic  equation  for  a  lossless  3-region  cylindrical 
dielectric  waveguide  was  first  derived  by  M.H.  Kuhn  in  1974  |[Ref. 
III-l].  We  have  solved  this  equation  numerically  for  several 
different  cases-  of  interest  for  the  teflon,  polyethylene,  and 
glass-clad  powder-core  waveguides  studied  experimentally  and  aescrioea 
in  Section  II.  In  this  section,  we  review  briefly  Kuhn's  theory  and 
give  results  in  graphical  form  for  the  cases  of  interest. 

3.  The  Characteristic  Equation 

The  geometry  of  a  3-region  cylindrical  dielectric  waveguide  is 

shown  in  Fig.  III-l.  Region  1  is  the  core  of  the  waveguide,  and 

region  2  is  the  cladding.  The  exterior  region  3  was  taken  to  be  air 

(£  *  1).  Since  the  materials  are  assumed  to  be  lossless  in  this 

3 

first  order  analysis,  e  and  c  are  real.  It  should  be 

rl  r2 

possible  to  develop  the  corresponding  equation  when  the  3  regions  have 
finite  loss,  but  solving  the  resulting  equation  would  be  substantially 
more  difficult.  To  our  knowledge  no  one  has  attempted  this  task.  For 
low-loss  guide,  it  is  usually  sufficient  to  treat  the  loss  as  a 
perturbation,  that  is,  ignore  its  effect  on  6(o>). 


III-3 


Propagating  nodes  nay  be  classified  as  either  "core"  nodes  or 
"cladding”  nodes  [Ref.  XXI— 1 1 .  If  the  propagation  constant, 0  ,  of 
a  node  satisfies  0  >  Ver  kg  where  k^  -u^)^ 

then  the  node  is  a  core  node.  Core  nodes  propagate  with  phase 

velocities  less  than  c/Ve£^but  greater  than  c/Ver^.  On  the 

other  hand,  nodes  for  which  0  <Ver  kg  are  called  cladding 

modes.  These  nodes  have  phase  velocities  less  than  c/Ve~*  but 

3 

greater  than  c/Ve_  .  In  general,  cladding  nodes  have  larger 
2 

phase  velocities  than  core  nodes  because  a  larger  fraction  of  the 
power  of  a  cladding  node  propagates  outside  the  core  of  the 
waveguide.  For  any  propagating  mode,  <  0  £ V k^.  Modes  with 
values  of  0  lying  outside  this  interval  are  cutoff  [Fig  111-23. 


Consider  a  system  of  cylindrical  coordinates  as  shown  in  Fig. 

III-l  with  the  z-direction  coinciding  with  the  longitudinal  axis  of 

the  waveguide.  The  z  components  of  the  fields  of  a  core  mode  can  be 

found  using  separation  of  variables.  They  are 

Elz«AJm(k1r)cos(n4i)exp(-j0z  ♦  jut) 

H.  -BJ  (k, r)sin(m$)exp(- j0z  ♦  jut) 
iz  ml 

E_  -[Cl  (k_r)  ♦  DK  (kor)]cos(n*}))exp(-j0z  ♦  jut)  ( III— 1 ) 

zz  m  z  m  z 

H,  -[El  (k.r)  ♦  FE  (k.  r)  I s in(xr4>  )exp(- j0z  +  jut) 
iz  m  l  n  i 

E2z*GKmCk2r)cos(m4i)exp(-j0z  ♦  jut) 

H3z-PKm(k3r)sin(ra4»)exp(-j0z  ♦  jut) 

Here  m  is  the  azimuthal  eigenvalue,  A,B,C,D,E,F,G,  and  P  are  constants 
and 

kl  -Ver,  ^  -  B2 

k2  -Vi^T2  (III-2) 

k3  "VS2  -er3kg- 

The  remaining  radial  and  azimuthal  field  components  can  be  expressed 
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Figure  III-2:  Classification  of  modes  of  a  3-region 
cylindrical  dielectric  waveguide 


in  terms  of  the  z-components  using  Maxwell's  curl  equations.  (See,  for 
example.  Ref.  III-2  or  III-3.)  These  field  components  will  exhibit 
similar  functional  variations  with  (r,$,z)  as  the  z-components  in 
each  region  since  they  are  related  to  the  z-components  by 
differentiation.  Mote  that  for  the  "core"  modes,  the  z-components  of 
the  electric  and  magnetic  fields  are  oscillatory  with  r  in  the  core 
region  (Bessel  function  Jm) ,  smoothly  varying  in  the  cladding  region 
(modified  Bessel  functions  1^,  Km)  and  decaying-exponential-like  in 
the  exterior  region  (Km  only). 


By  contrast,  for  a  "cladding"  mode,  the  constant  k2  becomes 

(III-3) 


k2  ->4r2  -  e2 

while  k,,  k  remain  as  before,  and  the  field  components  E  ,  H 

1  3  2z  2z 

become 


%2Z  *  [C'Jm(k2r)  +  D'Ym(k2r)lcos(m<}))exp(-jgz  ♦  jcot) 

H2z  ■  (E'Jm(k2r)  ♦  F'Ym(k2r)]sin(m<}>)exp(-jgz  ♦  jcot) 

The  z-components  of  the  fields  in  regions  1  and  3  retain  the  same 
forms  as  for  core  modes. 


Equating  the  tangential  field  components  at  the  boundaries 
between  regions  yields  a  set  of  eight  linear  homogeneous  equations  for 
the  eight  constants  (A,E,C, . . .P. ) .  Setting  the  secular  determinant  of 
this  system  to  zero  yields  the  characteristic  equation.  The 
characteristic  equation  for  core  modes  may  be  written  ^Ref.  ItI-4] 

G1  ni+  C2  ni  *  C3  *  0  (m-5) 

where 

Gj  -  ad  -  be 


G„  - 


(ad'  -  cb')  ♦  (da'  -be') 
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*2  1  1  r2  r2  3  rj  1  6 

b  -  e_  <5  -  DQ2 
r2 

b'  "  Ql(er^2  ‘  er3A5>  *  er2AlQ2 

c  -  e^C  -  DQ2 

c'  "er-  Q1(A2  "A5  )  +  £rAlQ2 
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For  cladding  modes, 
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As  in  the  case  of  a  simple  2-region  dielectric  rod, 
when  the  azimuthal  eigenvalue,  m,  equals  zero,  the  left  hand  side  of 
the  characteristic  equation  can  be  factored,  producing  two  equations. 
These  are 


e  n.(e  A  -  e  A.)-  e2  A,"  e  e 

1  r^  2  r^  5  3  r^  r,  1  6 

which  yields  TM  modes,  and 


A,  n  ■  0 


(III-9) 


nLW2  ‘‘s’  ‘43  '41  V  ° 


(III-10) 

which  yields  TC  modes.  Since  m  ■  0  the  fields  of  these  modes  have  no 


circumferential  variation.  TM  and  TE  modes  are  designated  TMqj,  TM • 
TMqj  ....  and  TE^,  TE  , ...  where  the  first  subscript  specifies  m  -  0 
(redundant)  and  the  second  gives  the  order  in  which  the  mode  goes 
through  cutoff  to  become  a  guided  mode. 


Again,  as  in  the  case  of  the  simple  dielectric  rod,  all  modes  for 
which  m  is  not  zero  are  termed  "hybrid"  modes.  Several  methods  have 
been  proposed  ^Refs.  III-l ,  III-4  -  111-93  for  classifying  hybrid 
modes  for  2  and  3  region  guide  but  none  has  been  universally  accepted. 
Most  schemes  classify  hybrid  modes  into  one  of  two  categories,  HE 
and  EHjjjjj,  according  to  the  relative  sizes  of  E  and  H  :  HE  for 
■y  Hj/  GjjHz  |  »  [Ez  |  and  EH  for  [ Ez  [  >>y^  /  e  (Hz  | .  The 
first  subscript  specifies  the  azimuthal  eigenvalue  and  the  second 
specifies  the  order  in  which  the  mode  goes  through  cutoff.  The 
fundamental  node  of  the  3-region  cylindrical  dielectric  waveguide  is 
also  called  the  HE^  mode  and  has  no  non-zero  cutoff  frequency,  just 
as  the  2-region  HE^. 


£.  Numerical  Results 

A  computer  program  to  evaluate  the  characteristic  equation 
numerically  for  modes  with  m  ■  1  was  used  to  design  3-region 
cylindrical  dielectric  waveguides.  Using  the  dispersion  curves 
generated  by  this  program,  the  core  radius  was  picked  so  that  the  HE^ 
mode  propagated  with  a  phase  velocity  significantly  slower  than  that 
of  free  space.  Examples  of  the  computed  values  for  propagation 

constant  for  different  parameters  appropriate  to  the  10-Ghz 
experiments  were  given  in  Sec.  II.  As  reported  in  that  section,  the 
agreement  between  theoretical  and  experimental  values  was  excellent. 

Numerically  obtained  dispersion  curves  for  the  HE^  mode  at  94 

Ghz  are  given  in  Fig.  III-3  for  three  values  of  er  .  In  each 

core 

case  e_  is  2. OS  and  the  cladding  thickness  is  O.lSmm.  (These 
rclad 

parameters  correspond  to  "lightweight"  TFE  teflon  tubing.) 
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IV  DIELECTRIC  CHANNEL  WAVEGUIDES  (W.M.  Bruno  and  W.B.  Bridges) 


In  order  Co  avoid  the  difficulty  of  packing  powder  uniformly  into  thin 
tubes,  rectangular  channels  milled  into  the  surface  of  dielectric  substrates 
were  filled  with  powder  to  make  mm-wave  dielectric  waveguides.  Although 
this  technique  was  originally  undertaken  for  ease  in  making  guide  wavelength 
and  attenuation  measurements  as  mentioned  in  Sec.  II,  this  type  of  waveguide 
appears  to  be  an  attractive  medium  for  low-cost,  complex  mm-wave  components 
and  integrated  circuits. 

Figure  IV-1  shows  schematically  a  rectangular  groove  milled  into  the 
surface  of  a  dielectric  substrate  and  filled  with  a  high  dielectric  const!  •••  : 
powder  to  form  the  core  of  a  dielectric  waveguide.  With  this  configuration, 
the  powder  could  be  packed  from  the  top  to  assure  a  sufficiently  uniform 
density  along  the  length  of  .the  channel.  Rectangular  channels  with 
cross-sectional  dimensions  varying  less  than  0.001  inches  from  the  specified 
values  could  be  milled  with  relative  ease.  This  degree  of  dimensional 
accuracy  was  found  to  be  sufficient  at  94  Ghz  to  produce  a  guide  wavelength 
uniform  within  our  measurement  accuracy. 

Guide  wavelengths  were  measured  for  the  fundamental  vertically 
polarized  mode  of  various  powder-filled  rectangular  channel  waveguides 
using  the  set-up  shown  in  Fig.  IV-2.  On  one  end  of  the  substrate  the 
dielectric-filled  channel  was  extended  with  a  thin-walled  trough  of 
substrate  material.  This  trough  fitted  snugly  into  the  end  of  a  slightly 
flared  section  of  metal  waveguide  to  couple  to  the  dielectric  guide. 

To  measure  the  guide  wavelength,  a  metal  perturber  was  held 
mechanically  just  above  the  surface  of  the  powder.  This  perturber  reflects 
a  small  fraction  of  the  power  travelling  along  the  waveguide  toward  the 
feed,  where  it  interferes  with  the  reflection  from  the  input  coupler.  The 
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Figure  IV- 1:  Cross-section  of  dielectric  channel  waveguide 


Figure  IV-2:  Set-up  for  measuring  guide  wavelength  of  a  dielectric 
channel  waveguide 


amplitude  of  this  interference  changes  as  the  relative  phase  between  these 
two  signals  changes.  Thus,  as  the  perturber  was  moved  along  the  length  of 
the  channel,  a  sequence  of  maxima  and  minima  in  reflected  power  was  sensed 
with  a  -lOdB  directional  coupler  and  a  Schottky  diode.  The  guide  wavelength 
is  twice  the  distance  the  perturber  is  moved  between  successive  minima. 

The  guide  wavelengths  for  various  combinations  of  guide  dimensions  and 
dielectric  powders  were  compared  to  the  values  predicted  by  Marcatili's 
approximate  theory  ^Ref.  IV- l]  for  the  fundamental  vertically  polarized 
mode.  In  order  to  use  Marcatili's  theory,  the  dielectric  constants  of  the 
powders  were  needed.  The  density  of  the  powder  in  the  channel  was 
determined  by  weight  measurement,  and  previously  measured  curves  of 
dielectric  constant  versus  density  were  used  to  find  the  effective 
dielectric  constant  of  the  powder  packed  into  the  channel.  The  dielectric 
constants  of  the  powders  were  measured  at  10  Ghz  using  the  shorted-waveguide 
technique.  These  measurements  were  made  at  10  Ghz  because  of  the  difficulty 
of  controlling  the  length  of  a  powder  sample  sufficiently  accurately  to 
measure  its  dielectric  constant  at  94  Ghz.  For  low-loss  dielectrics  we  do 
not  expect  much  change  in  dielectric  constant  between  10  and  94  Ghz. 

A  comparison  of  the  measured  values  of  the  guide  wavelength  with  those 
predicted  for  the  Ey^  mode  by  Marcatili's  approximate  theory  is  given  in 
Table  IV-1  for  various  powders  in  a  teflon  substrate  at  94  Ghz.  The 
uncertainty  in  the  guide  wavelength  predicted  by  Marcatili's  theory  is 
estimated  from  the  uncertainty  in  the  dielectric  constant  of  the  powder. 


TABLE  IV- 1 

Comparison  of  measured  quick  wavelength  of  channel  guide  with 
that  predicted  for  the  Ey^  mode  by  Marcatili's  theory 


Type 

of 

Powder 

Width  of 
channel 
(mm) 

Depth  of 
channel 
(mm) 

Powder 

Density 

(g/cs^) 

Dielectric 

Constant 

X8 

(meas. ) 
(mm) 

Xg 

(Marcatili) 

(mm) 

1 

1.14 

1.22 

1.69  ±.05 

4.43  ±  .25 

1.86 

2.00  ±.07 

1 

0.94 

0.94 

1.95  ±.07 

5.78  ±  .35 

1.86 

1.96  ±.08 

2 

1.12 

1.12 

1.77  ±.04 

5.0  ±.  4 

2.06 

1.9  ±.l 

Powder  1 

is  nickel 

-aluminum-titanate  (Trans- 

Tech  D-30) 

•  * 

Powder  2  is  barium  tetra-titanate  (Trans-Tech  D-38) 
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Ocher  powders,  substrates,  and  channel  dimensions  were  evaluated  after 
the  end  of  the  contract  period.  Some  of  these  results  were  reported  at  the 
IEEE  MTT-S  International  Symposium  [Ref.  IV— 2[J  as  Appendix  A.  In  addition, 
a  3  dB  directional  coupler  was  designed  according  to  Marcatili's  theory  and 
succesfully  fabricated.  Future  work  will  include  resonators  and  filters 
using  this  channel  waveguide  medium. 
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A  powder-filled  groove  in  the  surface  of  a 
teflon  substrate  has  been  demonstrated  as  a 
dielectric  waveguide  at  94  Ghz.  Guide  wave¬ 
lengths  measured  for  combinations  of  guide  dimen¬ 
sions  and  powders  agree  within  101  of  values 
predicted  by  Marcatili's  approximate  theory. 
Attenuation  constants  of  0.2  to  0.3  dB/cm  were 
measured  for  barium  tetra-titanate. 

A  powder-filled  groove  in  the  surface  of  a 
teflon  substrate  has  been  demonstrated  as  a 
dielectric  waveguide  at  94  Ghz.  This  guide 
appears  to  be  an  attractive  medium  for  low-cost, 
complex  mm-wave  components  and  integrated  cir¬ 
cuits.  Ue  have  also  demonstrated  flexible  di¬ 
electric  waveguides  by  filling  hollow  low  dielec¬ 
tric  constant  polymer  tubes  with  low  loss,  high 
dielectric  constant  powders.  This  technique  was 
used  successfully  at  10  Ghz  and  at  94  Ghz.  How¬ 
ever,  the  groove  guide  was  used  for  guide  wave¬ 
length  and  attentuation  measurements  since  it 
proved  easier  to  pack  uniformly  than  the  thin 
tubes  used  at  94  Ghz  (18,  19,  20,  21  AWG  teflon 
spaghetti).  In  addition,  the  cross-sectional 
dimensions  of  standard  teflon  spaghetti  vary 
too  much  with  length  to  give  accurate  measure¬ 
ments. 

A  rectangular  groove  was  milled  into  the 
surface  of  a  low-loss  (TEE  teflon)  substrate  and 
was  filled  with  a  high  dielectric  constant  powder 
to  form  the  core  of  a  dielectric  waveguide 
(Fig.  1).  Kith  this  configuration,  the  powder 
could  be  packed  from  the  top  to  assure  a  suffi¬ 
ciently  uniform  density  along  the  length  of  the 
groove.  Rectangular  grooves  with  cross-sectional 
dimensions  varying  less  than  0.002  inches  from  the 
specified  values  could  be  milled  with  relative 
ease.  This  degree  of  dimensional  accuracy  was 
found  to  be  sufficient  at  94  Ghz  to  produce  a 
guide  wavelength  uniform  within  our  measurement 
accuracy. 

The  guide  wavelength  and  loss  per  unit  length 
were  measured  for  the  fundamental  vertically 
polarized  mode  of  various  powder-filled  rectangu¬ 
lar  groove  waveguides  using  the  set-up  shown  in 
Fig.  1.  On  each  end  of  the  substrate  the  dielec¬ 
tric-filled  groove  was  extended  with  a  thin- 
walled  trough  of  substrate  material.  This  trough 
fitted  snugly  into  the  end  of  a  slightly  flared 
section  of  metal  wavequide  to  couple  to  the 
dielectric  guide,  lossy  Inserts  made  from 


Emerson  and  Cumming  MF-110  absorber  were  placed 
at  non-periodic  intervals  in  the  teflon  substrate 
3  mm  from  the  groove  to  attenuate  any  substrate 
modes  that  might  have  been  excited  at  the  coupling 
point. 

To  measure  the  guide  wavelength,  a  metal 
perturber  was  held  mechanically  just  above  the 
surface  of  the  powder.  This  perturber  reflects  a 
small  fraction  of  the  powder  travelling  along  the 
waveguide  toward  the  feed,  where  it  interferes 
with  the  reflection  from  the  input  coupler.  The 
amplitude  of  this  interference  changes  as  the 
relative  phase  between  these  two  signals  changes. 
Thus,  as  the  perturber  was  moved  along  the  length 
of  the  groove,  a  sequence  of  maxima  and  minima 
in  reflected  power  was  sensed  with  a  -lOdB  direc¬ 
tional  coupler  and  a  Schottky  diode.  The  guide 
wavelength  is  twice  the  distance  the  perturber  is 
moved  between  successive  minima. 

The  guide  wavelengths  for  various  combina¬ 
tions  of  guide  dimensions  and  dielectric  powders 
were  compared  to  the  values  predicted  by 
Marcatili’s  approximate  theory  (1)  for  the 
fundamental  vertically  polarized  mode.  In  order 
to  use  Marcatili’s  theory,  the  dielectric  con¬ 
stants  of  the  powders  were  needed.  The  density 
of  the  powder  in  the  groove  was  determined  by 
weight  measurement,  and  previously  measured 
curves  of  dielectric  constant  versus  density  were 
used  to  find  the  effective  dielectric  constant  of 
the  powder  packed  into  the  groove.  The  dielectric 
constants  of  the  powders  were  measured  at  10  Ghz 
using  the  shorted-waveguide  technique.  These 
measurements  were  made  at  10  Ghz  because  of  the 
difficulty  of  controlling  the  length  of  a  powder 
sample  sufficiently  accurately  to  measure  its 
dielectric  constant  at  94  Ghz.  For  low-loss 
dielectrics  we  do  not  expect  much  change  in 
dielectric  constant  between  10  and  94  Ghz. 

To  determine  the  loss-per-unit  length  of  a 
groove  waveguide,  the  power  transmitted  from  end 
to-end  was  measured  by  a  detector  connected  to  the 
flared  section  of  metal  waveguide  surrounding  the 
trough  on  the  far  end  of  the  substrate  (Fig.  1). 
E/H  tuners  were  used  to  match  the  coupling  sec¬ 
tions.  The  power  detected  at  the  far  end  could 
not  be  significantly  increased  by  adjusting  the 
E/H  tuners,  so  we  assume  that  the  couplers  are 
well  matched.  In  addition,  removing  the  lossy 
substrate  Inserts  did  not  affect  the  power  re¬ 
ceived  at  the  far  end,  indicating  that  little 
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power  is  lost  to  substrate  modes.  A  third  detect¬ 
or  connected  to  a  small  horn  antenna  was  used  as 
a  movable  probe  to  determine  that  an  Insignifi¬ 
cant  amount  of  power  was  radiated  from  the  cou¬ 
plers  or  guide.  Finally,  the  power  reflected 
from  the  feed  coupling  was  -20dB  down  from  the 
incident  powe-.  Taken  together,  these  observa¬ 
tions  indicate  that  almost  all  of  the  incident 
power  was  coupled  into  the  dielectric  waveguide, 
so  that  the  difference  between  the  incident 
power  and  the  power  detected  at  the  far  end 
represents  dielectric  waveguide  loss.  The  loss 
per  unit  length  is  then  this  loss  divided  by  the 
length  of  the  dielectric  waveguide. 

A  second  method  for  measuring  loss-per-unit 
length  along  the  powder-filled  groove  was  used 
as  a  rough  check.  A  detector  with  a  short  sec¬ 
tion  of  metal  waveguide  attached  and  positioned 
just  above  the  groove  was  used  as  a  probe.  The 
probe-to-groove  spacing  had  to  be  maintained 
accurately  as  the  probe  was  moved  along  the 
groove.  The  slope  of  the  detected  power  (dB) 
versus  distance  along  the  groove  also  gives  the 
loss-per-unit  length  in  dB/m. 

A  comparison  between  the  measured  values  of 
the  guide  wavelength  with  those  predicted  for  the 
Eyll  mode  by  Marcatili's  approximate  theory  is 
given  below  for  various  powders  in  a  teflon  sub- 
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The  uncertainty  in  the  guide  wavelength  pre¬ 
dicted  by  Marcatili's  theory  is  estimated  from 
the  uncertainty  in  the  dielectric  constant  of 
the  powder. 

The  results  of  measurements  of  the  loss  per 
unit  length  along  a  straight  powder-filled  groove 
in  a  teflon  substrate  are  given  below. 


Trftft  W'dth  0*  Ofpth  0«  0«r>» '  Ir 
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3  1.14  t.12  1.02  end-to-end  tr «*>oft  0.21 

3  1.04  1.04  1.45  end-to-end  trahiA>t»ion  0.27 

Additional  measurements  are  in  progress  and 
will  be  reported  at  the  meeting. 

(1)  E.A.J.  Marcatili,  "Dielectric  Rectangu¬ 
lar  Waveguide  and  Directional  Coupler  for 
Integrated  Optics,"  Bell  Syst.  Tech.  J. 
Vol.  48,  pp.  2071-2102:  Sept.  1969. 
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